Background: Isobutanol is an important biorefinery target alcohol that can be used as a fuel, fuel additive, or commodity chemical. Baker's yeast, Saccharomyces cerevisiae, is a promising organism for the industrial manufacture of isobutanol because of its tolerance for low pH and resistance to autolysis. It has been reported that gene deletion of the pyruvate dehydrogenase complex, which is directly involved in pyruvate metabolism, improved isobutanol production by S. cerevisiae. However, the engineering strategies available for S. cerevisiae are immature compared to those available for bacterial hosts such as Escherichia coli, and several pathways in addition to pyruvate metabolism compete with isobutanol production. Results: The isobutyrate, pantothenate or isoleucine biosynthetic pathways were deleted to reduce the outflow of carbon competing with isobutanol biosynthesis in S. cerevisiae. The judicious elimination of these competing pathways increased isobutanol production. ILV1 encodes threonine ammonia-lyase, the enzyme that converts threonine to 2-ketobutanoate, a precursor for isoleucine biosynthesis. S. cerevisiae mutants in which ILV1 had been deleted displayed 3.5-fold increased isobutanol productivity. The ΔILV1 strategy was further combined with two previously established engineering strategies (activation of two steps of the Ehrlich pathway and the transhydrogenase-like shunt), providing 11-fold higher isobutanol productivity as compared to the parent strain. The titer and yield of this engineered strain was 224 ± 5 mg/L and 12.04 ± 0.23 mg/g glucose, respectively.
Background
The rise in oil prices and environmental concerns has heightened interest in the microbial production of fuels and chemicals from sugar feedstocks produced from renewable biomass. Branched higher alcohols are both representative promising next-generation biofuels and building blocks for producing a variety of chemicals [1, 2] . In particular, isobutanol can be used as a fuel, fuel additive, and a commodity chemical, and thus is an important biorefinery target alcohol. Furthermore, isobutanol has attractive properties, including lower toxicity and higher octane value than its straight-chain counterpart [3] .
Metabolically engineered microbial strains for producing isobutanol have been developed by introducing parts of the Ehrlich pathway into bacterial hosts such as Escherichia coli, Corynebacterium glutamicum, Clostridium cellulolyticum, and Bacillus subtilis [3] [4] [5] [6] [7] [8] . In these recombinant strains, an intermediate of valine biosynthesis, 2-ketoisovalerate, is converted into isobutanol through isobutyraldehyde by two steps of the Ehrlich pathway involving 2-keto acid decarboxylase and alcohol dehydrogenase (ADH) [4] . In bacterial hosts, metabolic pathway engineering, including overexpression of several enzymes, has resulted in increased isobutanol production levels [4] [5] [6] [7] [8] . In E. coli in particular, additional metabolic modifications, such as deletion of competing pathways and resolving cofactor imbalance, have provided quite high yields of isobutanol (21.2 g/L and 13.4 g/L; 76% and 100% of theoretical maximum yields, respectively) [9, 10] .
Baker's yeast, Saccharomyces cerevisiae, is a microorganism traditionally used in the brewing industry [11] . It is also a promising host organism for the industrial manufacture of biofuels and chemicals because of its significant potential for the bulk-scale production of various fermentation compounds. Furthermore, S. cerevisiae is tolerant of low pH (used to reduce the risk of contamination), and robust towards autolysis (allowing longterm, repeated or continuous fermentation) [12] [13] [14] .
Yeasts naturally produce isobutanol and have been studied for a long time [15] [16] [17] . Isobutanol-high-producing yeasts were initially developed using strategies similar to those used for bacteria. For example, kivd from Lactococcus lactis (2-KDC) and ADH6 from S. cerevisiae (ADH) were expressed to construct parts of the Ehrlich pathway in the cytosol of baker's yeast cells [13, 14] . Isobutanol production was further increased by either activating the innate valine biosynthetic pathway in the mitochondria [13, 14] or by constructing an artificial pathway in the cytosol by expressing the N-terminal truncated forms of acetolactate synthase (ALS; encoded by ILV2), ketol-acid reductoisomerase (KARI; encoded by ILV5), and dihydroxyacid dehydratase (DHAD; encoded by ILV3) [18, 19] . Recently proposed strategies are to artificially co-localize 2-KDC and ADH in the mitochondria to compartmentalize parts of the Ehrlich pathway [20] , and to artificially activate the transhydrogenase-like shunt comprising pyruvate carboxylase, malate dehydrogenase and malic enzyme to compensate for cofactor imbalances [21] .
The elimination or attenuation of competing pathways is another effective strategy for improving isobutanol production by S. cerevisiae. For example, deletion of the major isozyme of pyruvate decarboxylase (encoded by PDC1), which catalyzes the conversion of pyruvate to acetaldehyde, results in increased isobutanol production [14] . More recently, deletion of either PDA1, PDB1, LAT1 or LPD1 (which together encode the pyruvate dehydrogenase complex, responsible for converting pyruvate to acetyl-CoA), led to much higher isobutanol production [21] . This was verified by screening the catalytic enzymes directly involved in pyruvate metabolism [21] . However, strategies for engineering S. cerevisiae remain poorly developed compared to those for bacterial hosts such as E. coli [22] . Consequently, there may be several pathways, other than pyruvate conversion pathways, that compete with isobutanol production in S. cerevisiae.
In this study, we deleted the isobutyrate, pantothenate, and isoleucine biosynthetic pathways in S. cerevisiae to reduce carbon outflow competing with isobutanol biosynthesis ( Figure 1 ). The judicious elimination of these competing pathways should result in increased isobutanol production. In addition, it should be possible to combine the elimination of competing pathways with previous strategies for enhancing the isobutanol biosynthetic pathway and compensating for cofactor imbalances, thereby further increasing isobutanol production.
Results and discussion
Strategy to reduce the competitive outflow of carbon during isobutanol biosynthesis Several enzymes have broad substrate specificities; for example, aldehyde dehydrogenase can catalyze the oxidation of several kinds of aldehydes such as acetaldehyde, isobutyraldehyde, isopentaldehyde, and 2-methyl-butyraldehyde [23, 24] . Cytosolic aldehyde dehydrogenase is encoded by ALD6 and normally converts acetaldehyde to acetate, but can also convert other aldehydes to carboxylates such as isobutyraldehyde to isobutyrate [24] . Thus, the deletion of ALD6 could increase the amount of isobutyraldehyde available for isobutanol biosynthesis (Figure 1) .
A primary intermediate in isobutanol biosynthesis, 2-ketoisovalerate, also functions as an initial substrate in pantothenic acid biosynthesis [25] . 3-Methyl-2-oxobutanoate hydroxymethyltransferase, encoded by ECM31, catalyzes the first step in pantothenic acid biosynthesis. Consequently, deletion of ECM31 could prevent the diversion of 2-ketoisovalerate into the pantothenate pathway ( Figure 1 ).
Isoleucine and valine biosynthesis are parallel pathways catalyzed by the same enzymes, ALS, KARI and DHAD (encoded by ILV2, ILV5 and ILV3) [26] . The intermediate of isoleucine biosynthesis, 2-aceto-2-hydroxybutanoate, is synthesized from pyruvate and 2-ketobutanoate by ALS catalysis. It is expected that the prevention of isoleucine biosynthesis would stop the competitive outflow of carbon from the pyruvate pathway to the isoleucine pathway, and additionally should consolidate the activities of three enzymes (ALS, KARI and DHAD) into valine and isobutanol biosynthesis. ILV1 encodes threonine ammonia-lyase, the enzyme that converts threonine to 2-ketobutanoate, a precursor for isoleucine biosynthesis. Thus, the deletion of ILV1 should specifically prevent carbon flux into the isoleucine pathway (Figure 1 ).
Isobutanol production by single-gene knockout strains
The effects of eliminating the isobutyrate, pantothenate, and isoleucine biosynthetic pathways were determined using the BY4741 parent strain [27] and single-gene knockout mutants (BY4741ΔALD6, BY4741ΔECM31 and BY4741ΔILV1) [28] (Table 1 ). All strains were inoculated at an optical density at 600 nm (OD 600 ) of 2 and grown in synthetic dextrose (SD) minimal or selectable media under semi-anaerobic conditions. For BY4741ΔILV1 strain, 60 mg/L of isoleucine was added to the SD medium. Isobutanol concentrations in the media after 2 days of fermentation were determined by gas chromatography mass spectrometry (GC-MS). As shown in Figure 2 , all gene knockout strains showed increased isobutanol production compared to the parent BY4741 strain: the ALD6, ECM31 and ILV1 knockout strains respectively showed 2.4-, 1.7and 3.5-fold higher productivities of isobutanol than the parent strain.
Next, the pATP426-kivd-ADH6-ILV2 plasmid, which carries three genes (kivd, ADH6 and ILV2) [21] , was introduced into the parent and each knockout strain to enhance isobutanol biosynthesis. The generated strains harboring pATP426-kivd-ADH6-ILV2 were designated as BY4741-kAI, BY4741ΔALD6-kAI, BY4741ΔECM31-kAI and BY4741ΔILV1-kAI (Tables 1 and 2 ). To generate comparative mock strains as controls, parent BY4741, BY4741ΔALD6, BY4741ΔECM31 and BY4741ΔILV1 were transformed with an empty vector (pATP426) [29] to provide BY4741-emp, BY4741ΔALD6-emp, BY4741ΔECM31emp and BY4741ΔILV1-emp, respectively (Tables 1 and 2) . All transformants were grown similarly in SD selectable medium. Isobutanol production by the control strain (BY4741-emp) was similar to that of the knockout strains lacking either plasmid ( Figure 2 ). In contrast, the strains engineered for enhanced isobutanol biosynthesis (BY4741 ΔXXXX-kAI) showed 2-3-fold higher isobutanol productivity than the corresponding control strain ( Figure 2 ). The pattern in increase of isobutanol production on each gene deletion was similar to that observed using empty plasmids. The most effective gene deletion was ΔILV1, and the BY4741ΔILV1-kAI strain produced 96 ± 4 mg/L isobutanol. This concentration of isobutanol produced by BY4741ΔILV1-kAI was 6.9-fold higher than that obtained with the BY4741-emp control strain. Thus, we focused on ILV1 deletion in the following experiments.
Optimization of isoleucine supplementation for isobutanol production in ILV1-deleted YPH499 strain
We previously demonstrated that YPH499 strain [30] displayed higher isobutanol productivity than BY4741 strain [21] ; consequently we constructed ILV1-deleted YPH499 (YPH499ΔILV1) using the URA3 marker recycling method [31] ( Table 1 ). The strain produced a slightly higher amount of isobutanol than BY4741ΔILV1 in SD minimal medium (data not shown). Therefore, YPH499ΔILV1 was used in subsequent experiments.
The ILV1-deleted strain was an isoleucine auxotroph, since the ILV1 deletion stops 2-ketobutanoate biosynthesis, rendering the yeast incapable of isoleucine biosynthesis ( Figure 1 ) [26] . YPH499ΔILV1 was therefore cultured in SD minimal medium containing different concentrations of isoleucine (0, 1.25, 3, 6, 12, 18, 24, 30 mg/L) to determine the optimal concentration for isobutanol production. YPH499ΔILV1 yeast cells were inoculated at an OD 600 of 0.1 into SD minimal medium supplemented with each concentration of isoleucine, and the growth was monitored daily for 4 days (Figure 3a ). No cell growth was observed in the isoleucine-free medium, whereas cell growth improved with increasing isoleucine concentration. Cell growth comparable to the parent YPH499 strain (without isoleucine supplementation) was observed using medium containing 24 mg/L isoleucine.
Next, YPH499ΔILV1 was inoculated at an OD 600 of 2 in SD minimal media supplemented with the different concentrations of isoleucine; cell growth, and the concentration of product (isobutanol) and by-products (ethanol, 2-methyl-1-butanol and 3-methyl-1-butanol) in the medium, were determined after 1-3 days of fermentation using a spectrophotometer and GC-MS, respectively. 2-Methyl-1-butanol and 3-methyl-1-butanol could not be separated by our GC-MS method [14] . Their concentration at each time point was calculated as the total concentration of both compounds, although addition of isoleucine might be more likely to increase 2-methyl-1butanol production [32] . The growth of YPH499ΔILV1 plateaued in the presence of 12-30 mg/L isoleucine (Figure 3b ). The concentrations of isobutanol and ethanol plateaued in medium containing 12 mg/L isoleucine (Figure 3c, d) , whereas the total concentration of 2-methyl-1-butanol and 3-methyl-1-butanol plateaued at 3 mg/L isoleucine (Figure 3e ). The highest concentration of isobutanol obtained was 70 ± 3 mg/L after 2 days fermentation in the presence of 12 mg/L isoleucine.
In terms of costs for commercial application, it should rein in the amount of additive isoleucine. For this purpose, it might be required to supply isoleucine from pretreated biomass or to tune the Ilv1 expression level in the future.
Improvement of isobutanol production by YPH499ΔILV1 strain
Isobutanol biosynthesis requires NADPH as a cofactor for the reaction catalyzed by KARI (Ilv5) and ADH (Adh6); consequently, regeneration of NADPH is an Figure 2 Isobutanol production by BY4741 single-gene knockout strains. BY4741-emp and ΔXXXX-emp are the control strains harboring the pATP426 empty vector. BY4741-kAI and ΔXXXX-kAI harbor the pATP426-kivd-ADH6-ILV2 plasmid for enhancing isobutanol biosynthesis. Cells were inoculated at an OD 600 of 2 and grown in SD minimal or selectable media. For ΔILV1 strains, 60 mg/L of isoleucine was added to the SD medium. The concentration of isobutanol in the medium of each culture after 2 days of fermentation was determined using GC-MS. Each data point represents the mean (SD) values obtained from 3 replicate fermentations. Table 1 Yeast strains used in this study
Strains Genotypes

BY4741
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
important factor for increasing the amount of isobutanol. Thus, the regeneration of NADPH is an important factor for improving isobutanol production [10, 21] . A transhydrogenase-like shunt composed of pyruvate carboxylase (PYC), malate dehydrogenase (MDH), and malic enzyme (MAE) has been developed to regenerate NADPH in yeast [33, 34] and used to resolve the redox imbalance in xylose fermentation [35] . Through this shunt, pyruvate is sequentially converted to oxaloacetate, malate and pyruvate by Pyc2, Mdh2 and Mae1 in S. cerevisiae (Figure 1 ). Because the cofactor preferences of Mdh2 and Mae1 are NADH and NADP + , respectively, one NADH is consumed and one NADPH is regenerated during each cycle of this shunt pathway [33] [34] [35] . This transhydrogenase-like shunt has also been used to improve isobutanol production [21] . Notably, two versions of malic enzyme (Mae1) with distinct localizations were utilized for constructing two versions of the shunt pathway. One is the original yeast protein Mae1, which localizes in the mitochondria, and the other is N-terminal truncated Mae1 (sMae1), which localizes in the cytosol [36] . Because the first version, original Mae1, regenerates NADPH in the mitochondria, the cofactor imbalance in the KARI (Ilv5) reaction should be improved (Figure 1) . The second version, the truncated Mae1 (sMae1), should reduce the cofactor imbalance in the ADH (Adh6) reaction in the cytosol (Figure 1 ). Since the yeast originally has the three enzymes Pyc2, Mdh2 and Mae1 but lacks sMae1, the introduction of a transhydrogenase-like shunt should be a viable strategy even if one of Pyc2, Mdh2 or Mae1 is overexpressed. In this study, we tested the effect of the overexpression of MAE1 alone, and the co-overexpression of MAE1 with PYC2, MDH2 and sMAE1. This choice was based on the previous finding that the highest isobutanol productivity by YPH499 was obtained using the recombinant strain overexpressing kivd, ADH6 and ILV2 [21] . To generate the yeast strains overexpressing MAE1 (YPH499ΔILV1-kAI-MAE1) and PYC2, MDH2 and sMAE1 (YPH499ΔILV1-kAI-PMsM), pATP423-MAE1 and pATP423-PMsM [21] were respectively introduced into YPH499ΔILV1 along with pATP426-kivd-ADH6-ILV2 (Tables 1 and 2) . The comparative strains YPH499ΔILV1-emp harboring pATP426, YPH499ΔILV1-kAI harboring pATP423, and pATP426-kivd-ADH6-ILV2 were also generated (Tables 1 and 2). Fermentation by these four strains was initiated at an OD 600 of 2 in SD selectable medium containing 12 mg/L isoleucine. Figure 4 shows the time course change in several fermentation products in the medium. YPH499ΔILV1-kAI and YPH499ΔILV1-kAI-PMsM produced 153 ± 3 mg/L and 224 ± 5 mg/L of isobutanol, respectively, a 2.1-and 3.1-fold increase compared to YPH499ΔILV1-emp. These increases were comparable to increases observed previously [21] , suggesting that the transhydrogenase-like shunt helped maintain the NADPH supply in the cytosol. It is also worth noting that the isobutanol production level of YPH499ΔILV1-kAI-PMsM was 11-fold higher than that of the parent YPH499 strain. However, YPH499ΔILV1-kAI-MAE1 strain, which overexpressed mitochondrial Mae1, showed lower isobutanol production compared to YPH499ΔILV1-kAI (Figure 4) , as well as lower ethanol production and no cell growth during fermentation. Since the transhydrogenase-like shunt could drastically change the balance of coenzymes and perturb metabolic flow inside the cell, the overexpressed Mae1 hampered cell growth. Otherwise, the population heterogeneity of 2 μ plasmids might have varied the expression levels. Consequently, the expression level and balance of Pyc2, Mdh2 and Mae1 (sMae1) or chromosomal integration are important factors for optimizing the transhydrogenase-like shunt. Various overexpression levels of these proteins were previously found to affect fermentation [21] .
Analysis of glucose and other by-products in the fermentation media
The fermentation profiles of the four constructed strains (YPH499ΔILV1-emp, YPH499ΔILV1-kAI, YPH499ΔILV1-kAI-MAE1 and YPH499ΔILV1-kAI-PMsM) were analyzed in more detail by measuring glucose consumption and the production of other by-products (glycerol, 2-methyl-1butanol and 3-methyl-1-butanol) using high-performance liquid chromatography (HPLC) and GC-MS (Figure 4) .
The glucose consumption rates of YPH499ΔILV1-kAI, YPH499ΔILV1-kAI-MAE1 and YPH499ΔILV1-kAI-PMsM were lower than that of the control strain (YPH499ΔILV1emp). Consistent with this, these three strains showed similar decreases in ethanol production rates. Decreased glucose consumption and ethanol production were likely due to activation of parts of the Ehrlich pathway or introduction pATP423 vector (harboring HIS3 marker), with concomitant improvement of isobutanol production. The isobutanol yields of YPH499ΔILV1-emp, YPH499-ΔILV1-kAI, YPH499ΔILV1-kAI-MAE1 and YPH499-ΔILV1-kAI-PMsM were 3.67 ± 0.09, 8.03 ± 0.15, 6.56 ± 0.44 and 12.04 ± 0.23 mg/g glucose at 2 days, respectively. The total concentration of 2-methyl-1-butanol and 3-methyl-1-butanol produced by YPH499ΔILV1-kAI, YPH499ΔILV1-kAI-MAE1 and YPH499ΔILV1-kAI-PMsM decreased slightly after 1 day, while that of the control strain remained stable until the end of the fermentation. These alcohols might be reversibly converted into their corresponding aldehyde following the attenuation of glycolysis. Glycolysis would be suppressed due to glucose depletion, caused by the need to supply NADPH (Figure 1) . The growth of all three strains was clearly lower than that of the control strain; the degree of growth decrease might reflect the specific decrease in glucose consumption rate and increase in glycerol production by each strain.
Conclusions
We investigated whether the deletion of the isobutyrate, pantothenate, or isoleucine biosynthetic pathways (deletion of ALD6, ECM31 or ILV1, respectively) improved isobutanol production by S. cerevisiae. Although the deletions of ILV1 and ALD6 have been mentioned in the patents (US8828694 and US20110201073), this is the first research paper that the effects of these gene deletions were examined closely. The deletion of each pathway increased isobutanol production, with the ILV1 knockout being the most effective. The ILV1 knockout prevented the competitive outflow of carbon from glucose into isoleucine biosynthesis; consequently, isobutanol biosynthesis was enhanced in isoleucine-supplemented medium. Thus, the deletion of competitive pathways for reducing carbon outflow into unproductive pathways is an important strategy for the production of target chemicals by S. cerevisiae.
Methods
Yeast strains and transformation S. cerevisiae YPH499 (MATa ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1) [30] , BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) [27] and BY4741 single-gene deletion mutants (knockout collections; purchased from Invitrogen) [28] were used as the host strains. Yeast transformations were carried out using the lithium acetate method [37] . The resulting strains and the utilized plasmids are listed in Tables 1 and 2 . ILV1 was deleted using the previously described URA3 marker recycling method [31] . The primers used for ILV1 deletion are listed in Table 3 .
Media, cultivation and fermentation conditions
BY4741 and the single-gene deletion mutants were cultured at 30°C in 5 mL of SD minimal medium (6.7 g/L yeast nitrogen base without amino acids and 20 g/L Figure 4 Time course of fermentation by the YPH499ΔILV1 transformants. ΔILV1-emp indicates the strain harboring the pATP426 empty vector and ΔILV1-kAI indicates the strain harboring the pATP423 empty vector and pATP426-kivd-ADH6-ILV2 plasmid for enhancing isobutanol biosynthesis. ΔILV1-kAI-PMsM and ΔILV1-kAI-MAE1 indicate the strains harboring pATP426-kivd-ADH6-ILV2 and pATP423-PMsM, and pATP426-kivd-ADH6-ILV2 and pATP423-MAE1, for activating the cytosolic or mitochondrial transhydrogenase-like shunt, respectively. The transformants were inoculated at an OD 600 of 2 and grown in SD selectable medium containing 12 mg/L isoleucine. The cell growth was determined by measuring OD 600 using a spectrophotometer. The concentrations of isobutanol, ethanol, and the total of 2-methyl-1-butanol and 3-methyl-1-butanol, in the media were determined using GC-MS. The concentrations of glucose and glycerol in the media were determined using HPLC. Each data point represents the mean (SD) values obtained from 3 replicate fermentations.
glucose) containing 20 mg/L histidine, 60 mg/L leucine, 20 mg/L methionine and 20 mg/L uracil. For BY4741 ΔILV1 strain, 60 mg/L isoleucine was added. The transformants were cultured in SD selectable medium (lacking uracil for plasmid maintenance). YPH499ΔILV1 strain was cultured in SD minimal medium containing 40 mg/L adenine, 20 mg/L histidine, 60 mg/L leucine, 20 mg/L lysine, 40 mg/L tryptophan, 20 mg/L uracil and 0~60 mg/L isoleucine. The transformants were cultured in SD selectable medium lacking uracil and/or histidine. All yeast cells were cultured in 5 mL of medium in test tubes for 3 days. The cells were inoculated into 5 mL of fresh SD minimal or selectable medium at an OD 600 of 0.1 to test cell growth in isoleucine-supplemented medium. For some experiments, the cells were centrifuged and washed, then inoculated at an OD 600 of 2 to test isobutanol production. For all experiments, growth was conducted in 5 mL of medium in test tubes at 30°C, 150 opm for up to 4 days.
Measurement of fermentation products and cell growth
The concentrations of isobutanol and ethanol, and the total concentration of 2-methyl-1-butanol and 3-methyl-1-butanol, in the fermentation media were determined using GC-MS (GCMS-QP2010 Plus; Shimadzu, Kyoto, Japan) following a previously described procedure [14] . The concentrations of glucose and glycerol were determined by HPLC (Prominence; Shimadzu), as previously described [38, 39] . Cell growth was monitored by measuring OD 600 using a spectrophotometer (UVmini-1240; Shimadzu). 
